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Abstract Correia elements are a prominent feature of all four
Neisseria genome sequences. We report an in silico analysis of
the structure and genomic distribution of these elements and
some preliminary biochemical data. Correia elements fall
into four major families, distinguished by a 50 bp internal dele-
tion and ¢ve point mutations. The elements resemble a trans-
poson with 25 bp inverted repeats and a TA duplication at
the target site. Within the element there is a functional in-
tegration host factor binding site. The genomic distribution
of Correia elements is essentially random except for some
small Correia-less regions apparently acquired by horizontal
transfer. Phylogenetic analysis suggests that their presence pre-
dates the divergence of Neisseria meningitidis and Neisseria
gonorrhoeae. & 2002 Federation of European Biochemical So-
cieties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Neisseria meningitidis (N.m.) and Neisseria gonorrhoeae
(N.g.) are important human pathogens, responsible to cere-
brospinal meningitidis and gonorrhoeae, respectively. The im-
pact of high recombinational rate on the adaptive evolution of
pathogenic Neisseria is well illustrated by their complex pop-
ulation structure [1,2], the presence of mosaic genes, antigenic
variation, and the occurrence of regions of the chromosome
that appear to have been acquired horizontally, some of which
contribute to the virulence of these bacteria [3,4].
Analysis of the genome sequence of N.m. Z2491 and MC58
revealed a high occurrence of repeated sequences [5,6],
thought to be involved in intragenomic and intergenomic var-
iation mechanisms [7,8]. Small repetitive elements (SREs),
often called ‘Correia elements’, are repetitive sequences of
unknown function, characteristic of neisserial genomes
[9,10]. Surprisingly, despite this prevalence and the available
genome sequences, the distribution and function of SREs have
not been characterised in detail to date.
In this paper, we demonstrate that SREs are ancestral ele-
ments in pathogenic Neisseria, and their absence from a chro-
mosomal region highlights elements which have probably
been acquired by horizontal transfer. Furthermore, despite
their small size, SREs have features characteristic of insertion
sequences, and contain an integration host factor (IHF) bind-
ing and transcriptional start signals that may play a role in
modulating gene expression.
2. Materials and methods
The source code for programs is available from NB on request. A
custom BLAST output parser was used to collect information on
Correia element position in the genome, strand location, size and level
of similarity. The strand bias index (SBI) was calculated as follows:
for each element found on the plus strand, a counter records one
positive unit, whereas for each element on the minus strand, the
counter records a negative unit. SBIs are then plotted as a regular
map with a 5 kb window. A random distribution that produces equal
numbers of Correia elements on each strand will have a SBI of zero.
The larger the SBI, either positive or negative, the more the elements
are located on one particular strand. In order to reconstruct full-
length Correia elements, coordinates of BLAST highest-scoring seg-
ment pairs of a given size class were used to extract the correspond-
ing sequence along with some £anking DNA sequence. This informa-
tion was saved into a ¢le and a simple Bash script was used to auto-
mate ClustalW alignments. Also used were Artemis and ACT, both
available on the Sanger centre ftp server (http://www.sanger.ac.uk/
Software/).
The DNA fragment used for the gel retardation assay corresponded
to 80 bp from the central region of the Correia element located at
positions 1 508 472^1 508 627 of the N.m. Z2491 genome. The element
was cloned and the fragment was ampli¢ed by PCR using the primers
5P-GATATCGGATCCGCAGACAGTACAAATAG and 5P-GTT-
AACGGATCCTTAGCTCAAAGAGAAC. The control DNA frag-
ment from Tn10 and the protocol for the assay are described in [11].
Puri¢ed IHF protein was from Escherichia coli and was a gift from
Howard Nash (NIH).
3. Results and discussion
3.1. Four families of Correia elements in N.m. and N.g.
While investigating a large duplication in the genome se-
quence of N.m. MC58, a BLAST search revealed hundreds of
short repeats related to the 156 bp Correia element. This
element was originally identi¢ed in N.g. 5019 during hetero-
duplex mapping experiments and shown by Southern blotting
to be to be repeated at least 20 times [9,10]. When the 156 bp
Correia element was used to search the MC58 genome se-
quence, more than 700 signi¢cant BLAST hits were obtained,
ranging in size from 15 to 156 bp. Amongst these we found
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290 fragments of 42 bp or more with s 94% sequence iden-
tity. A plot of the size distribution revealed that 70% of these
fragments fell into ¢ve major classes of 42 bp, 46 bp, 64 bp,
139 bp and the full-length 156 bp Correia element (Fig. 1A).
When the analysis was extended to the genome sequences of
the N.m. group A strain Z2491 (see also [5]), the N.m. group
C strain FAM18 and N.g., almost identical results were ob-
tained with most BLAST hits falling into the ¢ve major
classes (Fig. 1A).
Each of the ¢ve major classes of BLAST hits, together
with some £anking DNA sequences, was extracted from all
four Neisseria genomes and aligned using ClustalW. The
results revealed that the four classes of shorter than full-length
BLAST hits are components of larger elements in which
point mutations and/or a deletion terminated extension of
the BLAST hit (Fig. 1B). The vast majority of the BLAST
hits are therefore explained by the existence of four fam-
ilies of Correia elements: the K and L families are distin-
guished by four point mutations and a deletion in the left
end of the elements, while the KP and the LP elements, respec-
tively, are the result of identical 50 bp internal deletions
(Fig. 1B).
More than 400 of the BLAST hits to sub-sections of the
full-length element were not incorporated into the four fami-
lies of Correia elements (above). A very few of these segments
are longer than 42 bp (Fig. 1A) and are the result of point
mutations and minor DNA rearrangements not present in the
four major families of Correia elements. The remainder of the
400 odd BLAST hits not incorporated in the analysis were
between 15 and 41 bp in length. These represented isolated
Fig. 1. Correia element sequences resemble transposons. A: A plot of the size distribution of BLAST hits to the canonical Correia element in
four species of Neisseria. B: Structural organisation of four families of Correia elements. Deletions and point mutations that terminate exten-
sion of the BLAST hits in (A). The ‘X’ symbol represents four point mutations in the K family and a single nucleotide deletion in the L family.
C: Example of an empty target site and the TA dinucleotide duplication on insertion. D: Sequence alignment of the terminal inverted repeat
of the K and L families.
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fragments of Correia elements which were not £anked by in-
verted repeats and could not therefore be part of a mobile
element.
3.2. Terminal inverted repeats and target site duplication
The ends of all four families of Correia elements are de¢ned
by terminal inverted repeats, characteristic of transposons and
insertion sequences. The precise end of the inverted repeat
cannot be deduced from the DNA sequence alone as the
four terminal bases form the palindrome, TATA. Transposon
insertions are always £anked by a direct repeat of duplicated
target sequences generated by the staggered overhang of tar-
get phosphate groups during insertion [12]. For Correia ele-
ments, it is therefore impossible to distinguish between the
following three scenarios: 1, 23 bp inverted repeat with
TATA target duplication; 2, 25 bp inverted repeat with TA
duplication and 3, 27 bp inverted repeat with no target dupli-
cation (i.e. the Correia element is not a transposon).
To de¢ne the end of the Correia element unambiguously we
searched for ‘empty’ target sites, i.e. sites occupied by a Cor-
reia element in one species of Neisseria but unoccupied in
another. A total of 104 insertions were identi¢ed in the
N.m. genome sequences that were absent from the corre-
sponding loci in N.g. Comparison of the sequences revealed
that in all cases a TA dinucleotide is duplicated on insertion
(e.g. Fig. 1C). Thus, the full-length Correia element is 152 bp
long with 25 bp terminal inverted repeats (Fig. 1D). The in-
verted repeats on the right hand end of the K and L families
are identical except for a point mutation at bp 25. The left end
of the K family has four point mutations, whereas the left end
of the L family has a 1 bp deletion. We note that the terminal
inverted repeat structure and the TA target site duplication
have been described already in less detail [9,10,13]. However,
the larger data set and more extensive alignments in the
present analysis made the existence of the four families of
Correia elements obvious.
Fig. 2. Functional IHF binding site and sequence of predicted divergent promoters. A: The DNA sequence of Correia element IHF site is pro-
vided together with other selected sites. B: Gel shift assay for the function of the Correia IHF site. C: The gel from (B) was quanti¢ed using a
phosphorimager and the data plotted to estimate the apparent Kd. D: The location of 310 and 335 boxes of divergent promoters predicted at
the Correia element ends.
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3.3. Correia elements contain an IHF binding site
Close examination of the full-length Correia element re-
vealed a DNA sequence identical except for a single point
mutation to the IHFa binding site in the E. coli aceB pro-
moter (Fig. 2A) [14]. This site is present in the K and L fam-
ilies of Correia elements but is absent from the deletion de-
rivatives, KP and LP. The IHF site has three point mutations
with respect to the IHF consensus (Fig. 2A) and a gel shift
assay was therefore performed to con¢rm whether this site is
functional (Fig. 2B). The well characterised IHF binding site
from the outside end of Tn10 was included as a control. The
apparent Kd for both sites was estimated to be approximately
5 nM from the plot of the gel shift data (Fig. 2C). No IHF-
dependent gel shift was detected for an KP family member at
high IHF concentrations (data not shown). We therefore con-
clude that the IHF binding site is located at the predicted
position within the 50 bp deletion present in the KP and LP
family members.
In E. coli the concentration of free IHF available to bind a
given speci¢c site is 15^35 nM [15]. If the concentration in
Neisseria is at least 5 nM, we can conclude that the Correia
element IHF site will probably be occupied because of the
functional conservation of IHF in Gram-negative bacteria.
Indeed, IHF function is conserved to such an extent that
the individual subunits of the IHF heterodimer from N.g.
complement the respective subunits from E. coli [16].
3.4. Divergent promoters in the Correia element ends
Further analysis of the DNA sequence predicts that there
may be divergent promoters directing transcription out from
both ends of the Correia element (Fig. 2D). It is common for
transposons to in£uence transcription of nearby genes [17].
Tn10, for example, has a constitutive promoter driving tran-
scription out into the target DNA [18]. Alternatively, if there
is a 335 box hexamer in the end of the transposon, and the
site of insertion places it the correct distance from a cryptic
310 box in the target DNA, a new promoter will be created
[17]. In this regard Correia elements have a high potential for
creating functional promoters because the terminal TA dinu-
cleotide together with the duplication of the target TA dinu-
cleotide on insertion always creates a perfect TATA box at
each end of the element (Fig. 2D). Previously, promoter ac-
tivity has been detected from the left end of a LP family mem-
ber [19]. However, experiments will be required to determine
whether both ends of the K and L families are functional as
promoters in vivo and whether the absence of the IHF site in
the KP and LP family members a¡ects regulation of transcrip-
tion. We also note that the 335 box at the left end of the
L family member shown in Fig. 2D matches ¢ve out of the
six bases in the 335 box of the IHF-regulated ilvpG promo-
ter [20].
3.5. Transposition of Correia elements
Duplication of the TA dinucleotide target site demonstrates
that Correia elements spread by a transposition mechanism
(above). In bacteria, transposons typically occupy 1^4% of the
genome with any particular family of elements represented by
one or a few copies [12]. Transposases are always poorly ex-
pressed and are sometimes tightly regulated to prevent a pos-
itive feedback of transposition events by trans-activation of
elements as the transposase gene copy number rises, e.g. [21].
Correia elements are clearly not autonomous and the uncou-
Fig. 3. Genomic distribution and SBI for Correia elements in three strains of Neisseria. The top row of panels plots the genomic distribution
of the four families of Correia elements using a 5 kb window. The middle row of panels plots the genomic distribution of all Correia elements
in the respective strains. The bottom row of panels plots the SBI (see text) of all Correia elements in the respective strains.
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pling of the element from the cognate transposase is likely to
be critical for genome stability in the face of so many inser-
tions.
Direct transposition of the 152 bp Correia elements may
seem unlikely because of the requirement to synapse the
ends of the transposon prior to the ¢rst step of the reaction.
However, the presence of the IHF site in the middle of the
element provides a mechanism to facilitate synapsis. The
centre of the 180‡ IHF-induced bend [22] is at bp 78 of the
canonical 152 bp Correia element. This location, almost ex-
actly in the middle of the element, will therefore bring the
ends of the element into an almost-perfect alignment.
3.6. Genomic distribution and strand bias of Correia elements
The distributions of the four families of Correia elements
were plotted using a 5 kb window (Fig. 3, top row of panels).
Group C N.m. was not included because the genome sequence
has not been assembled yet. All four families of elements are
evenly distributed throughout the genomes, although N.g. has
signi¢cantly fewer elements than either strain of N.m. When
all four families of elements are combined in a single plot
(Fig. 3, middle row of panels), the distribution remains essen-
tially random with several small but obvious gaps (see below).
Next, the SBI of the Correia element distribution was cal-
culated using a 5 kb window (Section 2). The SBI quanti¢es
the orientation of Correia element insertions with respect to
each other and the genome sequence as a whole. For example,
if two elements in the same window have the same orientation
the strand bias is either +2 or 32, but if they have opposite
orientations the strand bias is zero. There was no signi¢cant
strand bias of insertions on a genome wide scale (Fig. 3,
bottom row of panels). However, at the local level there is a
bias for insertions in the same orientation. For example, in
MC58 there are seven windows that each contain four Correia
elements (Fig. 3, middle panel). Of these, three have the max-
imum strand bias value of four (Fig. 3, bottom panel).
Local strand biases have implications for homologous re-
combination and DNA repair where the orientation of repeat
sequences dictates the relative rates of deletions and inver-
sions. In E. coli the primary function of the homologous re-
combination proteins is to repair double strand breaks and
stalled replication forks. Reciprocal homologous exchanges
are rare in E. coli but may be more frequent in Neisseria sp.
in which these functions are required for natural transforma-
tion. Reciprocal exchange between inverted repeats produces
inversions, whereas exchange between direct repeats causes
deletion of the intervening DNA. The prevalence of directly
repeated Correia elements in the neisserial genome sequences
suggests that there are mechanisms that preclude intramolec-
ular homologous exchange.
3.7. Correia-less regions of the genome correspond with islands
of horizontal transfer (IHTs) in MC58
The genomic distribution map for Correia elements in the
group B strain of N.m. contains several small but obvious
gaps (designated as regions A^I in Fig. 3, middle panel).
Some of these correspond to previously described IHTs and
critical determinants of pathogenicity [6]. IHT-A (NMB0066^
0074, 0091^0100), IHT-B (NMB0498^0521) and IHT-C
(NMB1746^1775) correspond to Correia-less regions A (44
kb), C (54 kb) and H (50 kb), respectively. Note that these
Correia-less regions are much larger than the corresponding
IHTs. This can be attributed to the low average density of
Correia elements (approximately 1 per 10 kb) in the N.m.
genome. We therefore ignored Correia-less regions less than
about 30 kb.
There is a growing appreciation of the importance of hor-
izontal transfer as a mechanism of environmental adaptation,
especially in pathogenic bacteria. The main tools for identi¢-
cation of such regions are GC content and dinucleotide sig-
nature. However, these may be misleading if these parameters
are identical in the donor and recipient. Another more re-
cently developed tool for whole genome analysis is wavelet
theory. This has been used to identify regions of horizontal
transfer in various bacteria including N.m. [23].
To determine whether the absence of Correia elements is a
good diagnostic test of idiosyncratic regions of the genome we
examined the remaining Correia-less regions in more detail.
The unusual nature of region B (57 kb) was immediately ap-
parent as it harboured the ribosomal DNA. Region D (37 kb)
contains genes for various housekeeping functions and an
interrupted 10 kb section of DNA with 33% GC content.
Region E (50 kb) contains two sections (9 and 6 kb) of very
low GC content (33%); the ¢rst section contains several re-
striction/modi¢cation genes, whereas the second contains hy-
pothetical proteins of unknown function. Region F (38 kb)
appears to be a defective Mu-like prophage. Region G (29 kb)
has a 12 kb tract of DNA with 33% GC content. Some of the
annotated genes in this region appear to be duplicated and
disrupted copies of a frpA/C-like gene. Finally, region I (37
kb) contains a tract of DNA with 40% GC (NMB2007^
NMB2017) along with housekeeping genes, genes for hypo-
thetical proteins and genes for the lipopolysaccharide coat.
All of the Correia-less regions examined contained tracts of
DNA that were clearly idiosyncratic to the genome as a
whole. They appear to harbour speci¢c classes of genes often
acquired by horizontal transfer, i.e. prophage, restriction sys-
tems and pathogenicity genes. Other common features of
these regions are a high density of hypothetical genes of un-
known function, duplications and DNA with low GC content.
Since Correia elements insert at a TA dinucleotide, low GC
content should favour insertions. It therefore appears that
these regions were acquired after the spread of Correia ele-
ments in the genome. We conclude that the absence of Correia
elements is an excellent diagnostic for ‘interesting’ regions of
the genome. This may be a useful tool in the comparison of
pathogenic and commensal strains and could be implemented
using standard hybridisation protocols.
3.8. Phylogenetic analysis suggests genetic exchange between
Correia element copies
The KP and LP families of Correia elements di¡er from the K
and L families because of an identical 50 bp internal deletion.
This raised the question of whether the deletion arose early in
the evolutionary history of the elements and was spread by
transposition, or whether the deletion derivatives are pro-
duced by ongoing genetic exchange. To investigate this ques-
tion we searched for cases in which di¡erent family members
are present at identical locations in di¡erent strain back-
grounds. The rpmJ genes in Z2491 and MC58 have L and
LP Correia element insertions at precisely the same nucleotide
(Fig. 4A). This undoubtedly represents a single transposition
event as the probability of two elements inserting at the same
TA dinucleotide is very small. An even more informative in-
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sertion is present in the sspA genes of N.g. and Z2491 (Fig.
4B). In Z2491 there is an K family member which has been
converted to a LP in N.g. by acquisition of the internal dele-
tion and the point mutations in the left end of the element.
To further investigate genetic exchange between di¡erent
copies of the Correia elements in MC58, a phylogenetic tree
was constructed (109 informative sites). Bootstrap analysis
(1000 tests) did not support any of the nodes (values less
than 30%). In addition, no consensus tree was found after
parsimony analysis. Similar results were obtained for Correia
elements in N.g. (89 informative sites). If the four families of
Correia elements arose by accumulation of point mutations
and spread through the genome by transposition, it would
predict a phylogenetic tree with four branches. The absence
of a phylogenetic tree supports genetic exchange amongst the
elements. Indeed, this view is supported by visual inspection
of the sequence alignments where it is apparent that the ele-
ments are connected by a network of mutations (Fig. 4C^E).
In this network, individual or linked groups of mutations are
not correlated with the di¡erent families of elements but are
shared within and between the K and L families in an appar-
ently random way. We can therefore conclude that there has
been a high level of genetic exchange among the Correia ele-
ments within strains.
The most likely mechanisms driving the genetic exchange
are homologous recombination and gene conversion. How-
ever, homologous recombination generates concomitant dele-
tions and inversions depending on the relative orientation of
the participating sites, e.g. [12]. As this would tend to scram-
ble the genome, we conclude that the most likely mechanism
for genetic exchange amongst Correia elements is gene con-
version associated with double strand break repair and the
recovery of replication forks stalled at DNA lesions.
3.9. Correia element invasion appears to predate the divergence
of N.m. and N.g. which are genetically isolated
N.g., N.m. Z2491 and MC58 have more than 100 Correia
elements in common, i.e. elements inserted at identical target
sites. This raises the question of whether these insertions were
present before the divergence of N.g. and N.m., or whether
they are the products of ongoing genetic exchange. Inspection
of the network of mutations in each of the three strains pro-
vides a clear answer (Fig. 4C^E). In the N.m. strains Z2491
and MC58 the networks of mutations are almost identical. In
N.g., however, the network is entirely di¡erent (compare Fig.
4C with Fig. 4D,E). This indicates that the elements in N.m.
are engaged in an ongoing process of genetic exchange be-
tween strains. N.g., on the other hand, appears to be isolated
from the community of genetic exchange inhabited by the
N.m. strains. If N.g. is indeed isolated, then Correia elements
must have invaded the genome before the divergence of N.g.
and N.m.
Genetic exchange between pathogenic microorganism is an
important factor in determining levels of virulence. The net-
work of mutations in Correia elements is therefore a poten-
tially useful marker to survey the extent of horizontal ex-
change between members of the Neisseria community.
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